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Reevaluation of the Turn-of-the-Century Seismicity Peak 
HIRO0 KANAMORI AND KATSUYUKI ABE I 
Seismological Laboratory, California Institute of Technology, Pasadena, California 91125 
According to currently available seismicity catalogues, seismicity (for example, the number of events 
with Ms --> 8) around the turn of the century, from 1897 to 1906, was significantly higher than in recent 
years. However, the magnitudes of the earthquakes which occurred during this period were determined 
by Gutenberg, who used the records obtained by the undamped Milne seismograph with the assumption 
that the effective magnification is 5. Because of saturation of the Milne seismogram for very large events 
used by Gutenberg for calibration, the gain (-- 5) used by Gutenberg could have been underestimated, 
and therefore the magnitude overestimated. Because of the lack of damping, the magnification of this in- 
strument needs to be calibrated carefully. In order to calibrate the instrument response, a Milne seismo- 
graph was constructed and has been in operation side by side with damped seismographs at Pasadena. 
Eleven events have been recorded since February 1977. On the basis of (1) comparison of the amplitudes 
measured on the Milne seismograms with those of the standard seismograms, (2) numerical experiments 
simulating the response of the Milne seismographs tosurface waves, and (3) examination of Gutenberg's 
original materials used for the calibration, we conclude that the average ffective gain is as large as 20 for 
very large earthquakes, resulting in systematic reduction of the magnitude of up to 0.6. This reduction is 
large enough to suggest that the turn-of-the-century seismicity peak is of marginal significance. 
INTRODUCTION 
According to currently available seismicity catalogues [e.g., 
Gutenberg, 1956a; Richter, 1958] the number of earthquakes 
larger than Ms (surface wave magnitude) -- 8 was significantly 
larger around the turn of the century, from 1897 to 1906, than 
in recent years (Figure 1). The data used in Figure 1 for the 
period from 1897 to 1903 are taken from Richter [1958], who 
converted the magnitudes, rn, determined by Gutenberg 
[1956a] to the values corresponding to the surface wave mag- 
nitude, Ms. For the period 1904 to 1952 we used the surface 
wave magnitude Ms listed by Geller and Kanamori [1977]. Ex- 
cept for a few events the values of Ms of Geller and Kanamori 
are essentially the same as the magnitudes listed by Gutenberg 
and Richter [1954]. For the period 1953 to 1977 the surface 
wave magnitude determined by Abe and Kanamori [1979] is 
used. Thus the magnitude scale used in Figure 1 is considered 
to be uniform throughout the entire period. 
As was demonstrated by several recent studies [e.g., Kana- 
mori, 1977], the surface wave magnitude Ms saturates for very 
large earthquakes. Therefore the increase in the number of 
earthquakes with a large Ms does not necessarily indicate an 
increase in the total energy released by earthquakes. Never- 
theless, this peak in the number of large events is so remark- 
able that it has attracted considerable interest of geophysicists 
in the past. 
Gutenberg [1956a] argued that the average annual energy 
release during the period 1896 to 1906 is about 3 times larger 
than that for the period from 1907 to 1955. Unfortunately, 
most seismographs operated prior to 1904 were without a 
damping device, so the magnitude determination was inevita- 
bly unreliable. Gutenberg [1956a] made an extensive investiga- 
tion into this problem by using records obtained by un- 
damped Milne seismographs (see, for example, Reid [1912] for 
the Milne seismograph; examples of the seismograms written 
by the Milne seismograph are given by Richter [1958, p. 272] 
and Walker [1913, Plates 8 and 9]). 
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The purpose of the present study is to reevaluate this peak 
by constructing and operating an undamped Milne seismo- 
graph at Pasadena. Fortunately, Gutenberg's original work 
sheets used for the 1956 paper were found in the archives of 
Millikan Memorial Library, California Institute of Tech- 
nology. This material is extremely useful for the present study. 
By using this material we first follow Gutenberg's procedure. 
GUTENBERG'S STUDY 
In order to determine the magnitude the gain of the seismo- 
graph must be known. The Milne seismograph t at Gutenberg 
[1956a] used is an undamped system, and its effective magnifi- 
cation for transient seismic waves is not known very well. Gu- 
tenberg [1956a] calibrated this instrument by using 16 large 
earthquakes which occurred during the period from 1904 to 
1907. For these events both Milne seismograms and the 
seismograms recorded by more advanced damped instruments 
were available. The surface wave magnitude Ms of these 
events had been determined from the amplitude data ob- 
tained by the damped seismographs. In these determinations, 
Gutenberg's [1945] method was employed. Gutenberg used the 
amplitude of surface waves having periods of about 20 s and 
determined Ms using the amplitude-distance function given 
by Gutenberg [1945, Table 3]. 
Gutenberg's [1956a] method of calibration is as follows: he 
first used the maximum trace amplitude ,4, (haft the peak-to- 
peak amplitude) on the Milne seismograms reported in the 
publications of the British Association for the Advancement 
of Science (for references, see Gutenberg [1956a]). Then he 
calculated the magnitude Ms* by 
Ms* = log (At/G) -1- Q(A) + s (1) 
where Q(A) is the Q function listed by Gutenberg [1945] (i.e., 
Q -- 1.656 log A + 1.818), s is the station correction (listed by 
Gutenberg [1956a]), and G is the effective gain of the seismo- 
graph. The Q function used here is identical to that used for 
the Ms determination. Gutenberg [1956a] adjusted G to make 
Ms* equal to Ms. He found that G = 5 is most satisfactory. Ac- 
ttmlly, Gutenberg [1956a] made all the calculations by using the 
magnitude scale on the body wave basis, m, instead of 
Since Ms and rn are numerically related by Ms = 1.59m - 4.0 
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Fig. 1. Annual number of earthquakes larger than M, = 8. Solid 
circles show the results obtained from currently available catalogues 
(for 1897-1903: Richter [1958]; for 1904-1952: Gutenberg and Richter 
[1954] and Geller and Kanamori [1977]; and for 1953-1977: •4be and 
Kanamori [ 1979]). Open circles for the period 1897-1903 indicate the 
revised values obtained by the present study. 
[Gutenberg, 1956a, b], there is no fundamental difference 
whether rn or M, is used. An illustrative xample for the 1906 
San Francisco earthquake is given by Gutenberg [1956a]. The 
values of rn and M, for these 16 events are listed by Gutenberg 
[1956a] and Richter [ 1958], respectively. 
TABLE 1. M•* of the Ecuador Earthquake of January 31, 1906, and 
the San Francisco Earthquake of April 18, 1906 
A, A, M•* 
Station deg tzm 
Ecuador, M• = 8. 7 
Shide 83 >4000 >8.6 
Kew 82 >3400 >8.5 
San Fernando 80 >3500 >8.5 
Capetown 99 1000 8.1 
Azores 56 1600 7.9 
Toronto 43 >4000 >8.1 
Victoria 59 3200 8.3 
Alicante 155 >4000 >9.0 
Bombay 150 3040 8.9 
Kodaikanal 156 >4400 >9.1 
Beirut 112 2000 8.5 
Baltimore 39 >3200 >8.0 
lrkutsk 126 >3400 >8.8 
Honolulu 79 >8000 >8.9 
Tokyo 127 1700 8.5 
Christchurch 102 3100 8.6 
Colombo 160 2800 8.9 
Average 8.5 
San Francisco, M• = 8.3 
Shide 77 4000 8.5 
Azores 73 1460 8.1 
Calcutta 113 3400 8.7 
Bom bay 121 1260 8.4 
Kodaikanal 128 500 8.0 
Batavia 125 600 8.1 
Helwan 108 900 8.1 
Trinidad 61 2000 8.1 
Perth 132 550 8.1 
Wellington 95 1800 8.3 
Tokyo 73 900 7.9 
Christchurch 100 1360 8.3 
Colombo 120 1500 8.4 
Mauritius 162 1000 8.5 
Kew 75 >3400 >8.5 
Edinburgh 73 >3400 >8.4 
Paisley 75 >3400 >8.5 
San Fernando 85 >3500 >8.6 
Toronto 33 >4000 >7.9 
lrkutsk 81 >3400 >8.5 
Average 8.3 
A is the distance, and •4 is the amplitude of the ground motion, in 
microns, calculated from the maximum trace amplitude on the Milne 
seismograms with the assumption that the magnification is 5. 
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Fig. 2. Relation between M,* (the surface wave magnitude deter- 
mined from the Milne seismograms with the assumption that the gain 
is 5) and M, (the surface wave magnitude determined from the rec- 
ords of damped seismographs). Arrows indicate saturated cases. The 
solid line indicates the relation between M,* and M, suggested by the 
present study. The dotted lines indicate the relations obtained with 
different assumptions. 
We first repeated Gutenberg's [1956a] procedure 'by using 
M•. Table 1 shows two examples, one for the 1906 Ecuador 
earthquake (M• -- 8.7) and the other for the 1906 San Fran- 
cisco earthquake (M• = 8.3). The results for the remaining 14 
events are shown in Table A-3 (see also Table A-2) in the ap- 
pendix.' The amplitude .4 in these tables refers to the maxi- 
mum ground displacement, in microns, calculated with the as- 
sumption that G = 5. Figure 2 compares M, and M•* for the 
16 events. As Gutenberg [1956a] noted, M•* seems to agree 
very well with M•. However, during the course of this com- 
parison we noticed a rather serious problem. As indicated in 
Table 1, many seismograms used for the calibration were off 
scale. In these cases, Gutenberg [1956a] used the values where 
the saturation occurred. Since most Milne seismographs used 
recording papers about 35 mm wide, saturation must have oc- 
curred at M• = 8.6, 8.3, and 8.1 at a distance of A -- 90 ø, if G = 
5, 10, and 15, respectively. As shown in Table A-3 in the mi- 
crofiche appendix, the saturation occurred for five out of eight 
events larger than M, = 8. In Figure 2 the saturated case is in- 
dicated by an upward arrow attached to the data point. Satu- 
ration could cause underestimation of M•*, which in turn 
would result in underestimation of the effective gain G. 
For earthquakes smaller than M• = 7.7 the agreement be- 
tween M•* and M• seems very good. Thus the effective gain 
appears to depend on M,. 
MILNE SEISMOGRAPH 
In order to investigate the calibration problem of the un- 
damped Milne seismograph, we decided to operate a Milne 
seismograph side by side with the standard damped seismo- 
graph systems at the Seismological Laboratory of the Califor- 
nia Institute of Technology. To the authors' knowledge, at 
least two original Milne seismographs till exist, one at the 
Science Museum in London and the other at the National Sci- 
ence Museum in Tokyo. However, both of these are on exhibit 
now and are not in operational condition. We therefore de- 
cided to build one following the original manufacturer's man- 
ual [Munro, 1908] kindly made available to us by A. McCan- 
nell of the Science Museum, London. We also referred to Reid 
[ 1912] and a detailed description kindly provided by T. Usami 
• Tables are available with entire article on microfiche. Order from 
American Geophysical Union, 2000 Florida Avenue, N. W., Wash- 
ington, D.C. 20009. Document J79-006; $01.00. Payment must ac- 
company order. 
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Fig. 3. Stations which operated the Milne seismograph during the period from 1897 to 1903. 
of the University of Tokyo. In the construction the original 
seismograph was copied as closely as possible, except for the 
recording drum. We used a larger recording drum to obtain 
higher time resolution. It is unlikely that this modification af- 
fects the overall response of the instrument. Hereafter, we will 
call this newly built Milne seismograph the Pasadena Milne 
seismograph. The natural period and the static magnification 
of this instrument are 15 s and 4.5, respectively. 
The details of the Milne seismograph are described by Reid 
[1912]. The instrument constants of the Milne seismographs 
which were in operation at various stations in the world 
figure, two curves are shown for two cases with different 
damping. In the figure, h is the damping constant, E -- exp 
[•rh/(l - h2) '/2] is the damping ratio, and Q = l/2h is the 
quality factor. Since the magnification changes very rapidly as 
a function of period, the effective magnification of this system 
for a transient input signal depends upon various factors, such 
as the period, the wave form, the duration of the signal, the 
complexity, and the dispersion characteristics. Since the wave 
form of earthquake surface waves depends very strongly on 
the nature of the path (oceanic or continental), the epicentral 
distance, the magnitude of the event, and the depth of the 
around the turn of the century are listed in various issues of events, the effective magnification of the undamped seismo- 
the Bulletin of the British Association for the Advancement of gram must strongly depend on these factors too. Therefore 
Science. These constants are summarized in Table A-1 in the 
microfiche appendix. The average natural period To is 17.5 s, 
and the static magnification V is 6.0. Figure 3 shows the distri- 
bution of the stations. In total, about 35 stations were in oper- 
ation. Although not all of these stations were operational dur- 
ing the entire period from 1897 to 1903, the station coverage 
was reasonably good toward the end of this period. Thus if 
calibration of the instrument could be made properly, a rea- 
sonably good estimate of the magnitude may be expected. 
The di•culty of the calibration of undamped instruments is 
well known. As shown by Figure 4, the magnification be- 
comes very large at the resonant period (T = 17.5 s). In the 
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Fig. 4. Static magnification curve for the Milne seismograph. 
Note that the gain is substantially higher than 5 (value assumed by 
Gutenberg) in the period range from 10 to 23 s. 
calibration must be made by recording various earthquakes 
by both the Milne seismograph and a damped seismograph 
with known characteristics. 
Another uncertain element is the actual damping constant 
of the Milne seismograph. Although the Milne seismograph 
has no special damping mechanism, slight damping is caused 
either by solid friction at the pivot and/or viscous friction due 
to air. Unfortunately, the damping characteristics of the origi- 
nal Milne seismographs are not described in the literature in 
detail. According to Walker [1913, p. 22] the damping con- 
stant h is 0.0257 (E - 1.084, Q = 19.5), and Knott [1908, p. 81] 
noted that the Milne seismograph at Edinburgh had h = 
0.0683 (E = 1.24, Q = 7.32). Our Pasadena Milne seismo- 
graph, when it was initially built, had very little damping, h = 
0.014 (E = 1.05, Q -- 35). In order to increase the damping to 
that described by Walker [1913] and Knott [1908], we had to 
add a very weak magnetic damper to the seismograph boom. 
The damping constant of the Pasadena Milne seismograph 
with the magnetic damper is h = 0.05 (E -- 1.17, Q - 10). If 
the damping of the original instrument was mainly due to 
solid friction at the pivot, damping characteristics cannot be 
described by the damping constant h. In this case, h should be 
considered the effective damping constant that approximates 
the actual damping characteristics. The reason why the Pasa- 
dena Milne seismograph without a damper had much smaller 
damping than the original instrument is not clear. One possi- 
bility is that the Pasadena Milne seismograph has a pivot 
made of hardened steel and sapphire, while the original in- 
strument probably had a pivot made of hard metals. 
In any case, if h is smaller than 0.1, the magnification is sig- 
nificantly larger than the static magnification over a period 
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TABLE 2. Comparison of the Magnitude Determination by Using the Pasadena Milne Seismograph 
and the Standard Seismographs 
ZX, M• 
Event Date Epicenter deg (Pasadena) M * G $,t 
I Aug. 19, 1977 Indonesia 120 8.0 8.8 7.94 
2 Feb. 19, 1977 Aleutian Islands 53 6.6 7.5 10.0 
3 Sept. 4, 1977 Aleutian Islands 50 6.1 7.7 50.1 
4 Sept. 4, 1977 Aleutian Islands 50 6.4 7.7 25.1 
5 Aug. 31, 1977 Colombia 46 6.3 7.4 15.8 
6 Sept. 4, 1977 New Hebrides Islands 85 6.2 7.3 15.8 
7 Nov. 23, 1977 Argentina 82 7.0 8.6 50.1 
8 March 24, 1978 Kurile Islands 67 7:2 8.2 12.6 
9 Feb. 9, 1978 Kermadec Islands 83 7.2 8.2 12.6 
10 June 12, 1978 Japan 75 7.5 8.1 5.01 
11 June 17, 1978 Tonga Islands 72 7.2 8.2 12.6 
G is the effective gain of the Milne seismograph determined for the individual event. 
range shorter than 25 s, as shown in Figure 4. Since the aver- 
age static magnification is 6, it is difficult to understand why 
Gutenberg obtained an effective gain as low as 5. 
As will be shown later, the damping has a very large effect 
on the effective magnification. When h was increased from h 
- 0.016 (E = 1.05, Q -- 32) to h -- 0.058 (E - 1.2, Q = 8.6), the 
effective gain was reduced by approximately a factor of 2. 
Since installation of the Pasadena Milne seismograph was 
completed we have recorded 11 large events listed in Table 2. 
An example is shown in Figure 5. In the table the maximum 
trace amplitudes on the Pasadena Milne seismogram A, and 
the surface wave magnitudes Ms determined at Pasadena are 
listed. Following Gutenberg [1956a], the determination of the 
effective gain G was made as follows. 
The surface wave magnitude Ms can be written as 
Ms = log (A,/G) + Q(A) = M * - log G (2) $,t 
where 
M * = log,4, + Q(a) (3) 
Here Q(A) is the Q function determined by Gutenberg [1945]. 
Ms.,* defined by (3) can be calculated directly from the record 
and can be regarded as the magnitude when the effective gain 
is assumed to be unity. The values of Ms.,* are listed in Table 
2. In order to adjust the difference between the average static 
magnification of the Milne seismographs which were in use 
around the turn of the century (x6.0) and that of the Pasa- 
dena Milne seismograph (x4.5), the values of A, in Table 2 
were multiplied by 6/4.5 in the calculation of Ms.,.. 
The values of Ms.,* and Ms are plotted in Figure 6. The solid 
lines show the trend for different values of G. From this figure 
the value of G can be determined for each event. Although the 
value of G varies over a very wide range, G is larger than 5 in 
all cases. The average of G is 19.8. 
Unfortunately, because of the geographical location of 
Pasadena with respect o the distribution of large earthquakes 
Kur•le Is. Earthquake 
March 24, 1978 A=67 ø, MS=7 2
........ i'-• ....... 
Pasadena M•lne Seismograph E-W 
To:IS sec, V:45, h:005 
I m•n I tcm Cohbrohon 
Fig. 5. A surface wave train from an earthquake in the Kurile Is- 
in the world and of the recent decline in the activity of large 
earthquakes [Abe and Kanamori, 1979], the data shown in 
Table 2 are inevitably biased toward oceanic paths and small- 
magnitude events. In order to supplement the data we made 
numerical experiments by using the surface wave signals re- 
corded at Pasadena. 
NUMERICAL EXPERIMENTS 
In order to investigate the overall response of the Milne 
seismograph we calculated synthetic seismograms which 
would be recorded by the Milne seismograph by using the ob- 
served surface wave ground motion as the input. We chose 10 
large events listed in Table 3. We used surface wave records 
obtained by a vertical component of short-period Benioff 
seismograph (pendulum period, 1 s; galvanometer period, 0.2 
s) and deconvolved them by using the instrument response to 
obtain ground motions. Then we convolved them with the in- 
strument response of the Milne seismograph to obtain syn- 
thetic seismograms. We assumed that the amplitude of the 
horizontal component is 70% of that of the vertical com- 
ponent. As shown in Figure 7, the amplitude of the synthetic 
seismograms depends on the damping of the instrument. We 
chose the instrument constants to be the same as the average 
values given in Table A-1 (i.e., To -- 17.5 s, V-- 6.0) and as- 
sumed that h -- 0.058. Then we measured A, and calculated 
Ms.,*. Two examples are shown in Figure 8. Figures 7 and 8 
• / •/•) ?•,•.%0 ß Numericel 
/6/ø/ w 
/•/ o3 Milne 
6• 8 M * 9 
Fig. 6. Relation between M• (Pasadena) and M•,t* (surface wave 
magnitude determined from the Milne seismograms with the assump- 
tion that the gain is equal to 1. Solid lines indicate the relations for 
various values of G (gain). Solid circles are the results obtained by the 
lands recorded by the Pasadena Milne seismograph. Note the damp- numerical experiments, and open circles are the results obtained with 
ing characteristic ndicated by 'calibration.' the Pasadena Milne seismograph. 
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TABLE 3. Results of Numerical Experiment o Simulate the Response of the Milne Seismograph 
Event Date Epicenter deg (Pasadena) Mr,,* G 
I Dec. 2, 1972 Mindanao Islands 105 7.5 8.7 15.8 
2 May 26, 1975 North Atlantic 80 8.1 9.4 20.0 
3 May 10, 1975 Chile 82 7.8 9.3 31.6 
4 July 20, 1975 Solomon Islands 90 7.8 8.7 7.9 
5 Dec. 28, 1973 New Hebrides Islands 89 7.0 8.6 39.8 
6 Aug. 16, 1976 Mindanao Islands 108 7.7 9.0 20.0 
7 June 17, 1973 Japan 72 7.7 9.0 20.0 
8 Jan. 10, 1974 New Hebrides Islands 88 7.0 8.5 31.6 
9 Oct. 3, 1974 Peru 62 7.5 8.5 10.0 
10 Dec. 15, 1971 Kamchatka 59 7.3 8.4 12.6 
illustrate the difficulties of using undamped instruments for 
the amplitude measurement. For a prolonged wave train 
caused by dispersion along oceanic paths (Solomon Island, 
Figure 7a; and New Hebrides, Figure 8a) the amplitude of the 
synthetic seismograms becomes very large owing to reso- 
nance. However, for wave trains with relatively short duration 
(for example, central Chile, Figure 8b) the growth of the am- 
plitude is relatively modest. Thus it is not surprising that the 
effective gain varies very much according to the path. 
The values of Mr,,* and Ms determined at Pasadena with 
damped seismographs are plotted in Figure 6. Again, the ef- 
fective magnification is larger than 5 in all cases. The average 
of the effective gain G is 20.9. 
THE EFFECTIVE GAIN OF THE MILNE SEISMOGRAPH 
As shown by Figure 6, the results obtained by both the 
Pasadena Milne seismograph experiment and the numerical 
experiment suggest that the effective gain is significantly 
larger than 5, probably about 20. This result suggests that sat- 
uration of the Milne seismograms for very large earthquakes 
caused underestimation of the effective magnification (Figure 
2). If the gain is 20 instead of 5, it would cause an error in the 
magnitude of 0.6, which is very significant. 
(a) 
Solomon Is. July 20, 1975 Ms= 7.8 & = 90 ø 
/••• mm • • ••• Io.z 
E:I2 ,• I 
E:I.O$ 
T :17.$ sec, V:6 i rain 
(b) 
N Afionfic •oy 26, 1975 •=8.1 •:80 • 
o: , : 
Fig. 7. Surface wave ground motions (U) and the response of the 
Milne seismograph computed for two damping constants. (a) Solo- 
mon Islands earthquake of July 20, 1975. (b) North Atlantic earth- 
quake of May 26, 1975. 
However, the following two problems need be considered 
further. First, Gutenberg [1956a] obtained a good agreement 
between Ms* and Mr for smaller earthquakes under the as- 
sumption that G -- 5. Second, the damping of the original in- 
strument appears significantly larger than that of the Pasa- 
dena Milne seismograph (without a magnetic damper), 
suggesting that the damping of the original instrument is par- 
tially due to solid friction at the pivot. 
As is well known [e.g., Cloud and Hudson, 1961], the effect 
of solid friction is more pronounced when the amplitude is 
very small. Once the amplitude exceeds a certain threshold, 
motion of the pendulum overcomes solid friction. Thus one 
possibility is that for relatively small magnitude (Mr --< 7.7) 
events, the amplitude of the pendulum motion is not large 
enough to overcome solid friction completely, resulting in a 
relatively small effective magnification. On the other hand, 
when the magnitude is large, the effect of solid friction be- 
comes relatively unimportant, and the effective magnification 
increases. 
With these considerations we estimated the effective gain in 
the following manner. Our basic philosophy is that inasmuch 
as Gutenberg used a very large number of Milne records for 
calibration, we use Gutenberg's [1956a] results as much as pos- 
sible with only modification to remove the effect of saturation. 
We thus assumed that the effective gain G is 5 for Mr --< 7.7 
(see Figure 2) but gradually increases to 20 until Mr = 8.7 (the 
magnitude of the largest event used for calibration) is reached. 
For Mr --> 8.7, G is set equal to 20. Although there is no com- 
pelling reason why the maximum gain G = 20 should be 
reached at Ms -- 8.7, it is probably reasonable to assume that 
the transition from friction-controlled state to friction-free 
(a) 
New Hebrides Dec 28, 1973 Ms=7.0 A = 89 ø 
mm 
u _•c)J 
(b) 
Central Chile, May I0, 197.5 Ms=7 8 A =82 ø 
mm 
E =1.2 
Fig. 8. Surface wave ground motions and the response of the 
Milne seismograph. (a) New Hebrides Islands earthquake of Decem- 
ber 28, 1973. (b) Central Chile earthquake of May 10, 1975. 
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state takes place in I magnitude unit, or a factor of 10 increase 
in the amplitude [see Cloud and Hudson, 1961, Figure 4]. The 
Ms (real surface wave magnitude) versus Ms* (surface wave 
magnitude determined from Milne seismograms with G -- 5) 
relation we thus assumed is shown by the solid line in Figure 
2. Actually, changing the upper bound in the magnitude from 
8.4 to 9 does not substantially affect the Ms versus M•* as 
shown by the dashed lines in Figure 2. 
TABLE 4. List of Great Shallow Earthquakes 1897-1903 
Earthquake Date 
Time, 
GMT Epicenter Q Ms* Region 
I Feb. 7 
2 Feb. 19 
3 Feb. 19 
4 May 13 
5 June 12 
6 Aug. 5 
7 Aug. 15 
8 Aug. 16 
9 Sep. 20 
10 Sept. 2 l 
11 Oct. 18 
12 Oct. 20 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
5O 
51 
52 
53 
54 
Jan. 24 
April 22 
April 29 
June 29 
Aug. 31 
Nov. 17 
Jan. 24 
June 14 
July 14 
Aug. 24 
Sept. 4 
Sept. 10 
Sept. l0 
Sept. 29 
Nov. 23 
Nov. 24 
Nov. 24 
Jan. ll 
Jan. 20 
May 16 
June 21 
July 29 
Oct. 7 
Oct. 9 
Oct. 29 
Dec. 25 
Jan. 7 
April 5 
June 24 
Aug. 9 
Aug. 9 
Aug. 9 
Dec. 14 
Dec. 31 
Jan. 1 
Jan. 24 
Feb. 9 
April 19 
Aug. 22 
Sept. 22 
Sept. 23 
Dec. 12 
7.6 
20.8 
23.8 
12.5 
11.1 
0.2 
12.3_+ 
7.9 
19.1 
5.2 
23.8 
14.4 
23« 
23.6 
16.3 
18.6_+ 
19.9_+ 
12.8_ 
2343_+ 
1109_+ 
13327 
1509_+ 
0022 
1704 
2141 
1703 
0949_+ 
1842 
1855 
0907 
0633« 
2012 
2052 
0659 
2104 
1228 
0911 
0504 
0029« 
2330:] 
0702« 
0923.5 
1301 
1833,• 
2257:] 
0902« 
o52o« 
2327 
0735« 
0223« 
0300 
0146« 
2o•8¬ 
2310_+ 
1897 
40øN, 140øE C (7.8) 
38øN, 142øE C (>7.5) 
38øN, 142øE C '-- 
12øN, 124øE D (7.7) 
26øN,91øE A (>8.4) 
38øN,143øE C (>8.2) 
18øN, 120øE D '" 
39øN,143øE C (7.7) 
6øN,122øE D (>8.2) 
6øN,122øE D (>8.2) 
12øN,126øE D (8.1) 
12øN,126øE D (8.0) 
1898 
(7.8) 
(>7.5) 
... 
(7.7) 
(>8.2) 
(>8.1) 
(7.7) 
(>8.1) 
(>8.1) 
(8.0) 
(7.9) 
39øN,142øE C '7.9 7.9 
12øN,86øW B 7.5 7.5 
(52øN,172øE) G 8.1 8.0 
(26øS,68«øE) G 7.8 7.8 
(16«øS, 168«øE) G 7.6 7.6 
1899 
17øN,98øW D 8.0 7.9 
18øN,77øW E 7.8 7.8 
(60øN, 150øW) G 7.7 7.7 
(27øS, 165øE) G ...... 
60øN,142øW B 8.4 8.2 
60øN,140øW B 7.8 7.8 
60øN, 140øW A 8.4 8.2 
3øS, 128«øE A 7.6 7.6 
53øN, 159øE E 7.9 7.9 
32øN,131øE B 7.7 7.7 
32øN, 131øE B ...... 
1900 
(5øS, 148øE) G 7.5 7.5 
20øN, 105øW C 7.9 7.9 
20øN, 105øW D 7.4 7.4 
20øN,80øW F 7.7 7.7 
10øS, 165øE F 8.1 8.0 
4øS, 140øE F 7.4 7.4 
60øN, 142øW C 8.2 8.1 
11øN,66øW B 8.2 8.1 
43øN, 146øE C 7.6 7.6 
1901 
2øS,82øW E 7.7 7.7 
45øN, 148øE C 7.9 7.9 
27øN,130øE E 7.7 7.7 
40øN,144øE C 7.8 7.8 
22øS, 170øE E 8.4 8.2 
40øN, 144øE C 8.0 7.9 
14øN, 122øE D 7.5 7.5 
52øN, 177øW D 7.5 7.5 
1902 
55øN,165øW D 7.5 7.5 
8øS, 150øE D 7.7 7.7 
20øS, 174øW D 7.4 7.4 
14øN,91øW C 8.0 7.9 
40øN,77øE B 8.2 8.2 
18øN,146øE C 8.0 7.9 
!6øN,93øW C 8.2 8.2 
29øN, 114øW E 7.6 7.6 
Japan 
Japan 
Japan 
Philippine Islands 
India 
Japan 
Philippine Islands 
Japan 
Philippine Islands 
Philippine Islands 
Philippine Islands 
Philippine Islands 
9 
Japan 
Nicaragua 
Aleutian Islands? 
Indian Ocean? 
SW Pacific? 
Mexico 
Jamaica 
Arctic near Alaska 
SW Pacific 
Alaska 
Alaska 
Alaska 
Ceram 
Kamchatka 
Japan 
Japan 
SW Pacific? 
Mexico 
Mexico 
Caribbean? 
New Hebrides? 
New Guinea? 
Alaska 
Venezuela 
Japan 
Ecuador 
South Kurile Islands 
Ryukyu Islands 
Japan 
New Hebrides? 
Japan 
Philippine Islands 
Aleutian Islands 
off Alaska? 
Bismarck Islands 
Tonga Islands 
Guatemala 
Turkestan 
Marianne Islands 
off' south Mexico 
Gulf of California 
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TABLE 4. (continued) 
Time, 
Earthquake Date GMT Epicenter Q Mr* Mr Region 
1903 
55 Jan. 14 0147.6 15øN,98øW D 8.2 8.1 off Mexico 
56 Feb. I 0934.5 48øN,98øE D 7.5 7.5 SW of Lake Baikal 
57 Feb. 27 0043.3 8øS, 106øE D 7.9 7.9 East Indies 
58 May 13 0634.1 17øS, 168øE E 7.5 7.5 New Hebrides (h = 60 ñ km?) 
59 Dec. 28 0256.0 7øN, 127øE D 7.6 7.6 off Mindanao 
This table lists all of the 59 events listed by Gutenberg [1956a, Table 3]. Epicenter: Gutenberg's determination. Gutenberg assumed the 
epicenters of 16, 17, and 18 on the basis of seismicity. Gutenberg used the location noted by Milne for the epicenters of 21, 22, and 30. Q: 
quality of location. See Gutenberg [1956a]. Mr*: surface wave magnitudes determined with the assumption that the magnification is 5. 
Parentheses indicate that Mr* was determined only from one or two station data. Mr* = log •4max + 1.656 log A + 1.818. Mr: corrected surface 
wave magnitude. The average number of stations used in the calculation of Mr* is 2 (1897), 4.(1898), •7 (1899), 9 (1900), 13 (1901), 14 (1902), 
and 15 (1903). For the origin times of 49 and 53, minor corrections were made on the basis of the original work sheets. 
SURFACE WAVE MAGNITUDE OF THE EVENTS 
FROM 1897 TO 1903 
The amplitude data of Milne seismograms for the events 
from 1897 to 1903 are listed in Gutenberg's unpublished work 
sheets for the 1956 paper. We used the publications of the 
British Association for the Advancement of Science for the 
period 1897-1903 to check and supplement Gutenberg's 
notes. Gutenberg [1956a] determined rn by using these data 
(with the assumption of G -- 5), and Richter [1958] converted 
rn to M by using the relation M -- 1.59m - 3.97. In order to 
maintain consistency with the scale used in our calibration, we 
calculated Mr* from the original amplitude data by assuming 
G -- 5. The results are listed in Table 4. Theoretically, 
should agree with M, but our calculations showed that M is 
consistently larger than Mr*. This difference is due to the fact 
that Gutenberg [1956a] always rounded off the hundredths 
digit and raised the tenths digit by I (for example, 7.82 to 7.9). 
Also, small roundoff errors resulted from conversion of rn to M. 
For many events in 1897, only one or two stations were 
available for the magnitude determination. The results for 
these events are very unreliable and are in the parentheses in 
Table 4. Apparently, Gutenberg [1956a] assigned the magni- 
tude to these events on his own judgments. The average num- 
ber of stations used for the calculation of Mr* in Table 4 is as 
follows: 2 (1897), 4 (1898), 7 (1899), 9 (1900), 13 (1901), 14 
(1902), and 15 (1903). Since only 2 and 4 stations are used for 
1897 and 1898, respectively, the results for these two years are 
less reliable. The station data for the larger earthquakes are 
listed in Table A-4 (see also Table A-2) (microfiche appen- 
dix). 
If many stations went off scale, the measurement of Mr* is 
meaningless. However, as shown in Table A-4, most of the 
stations were on scale for the events from 1897 to 1903. Only 
for two events, the 1902 Turkestan event and the 1902 event 
off south Mexico, four or more stations were off scale. We 
therefore consider that most of the Mr* measurements in 
Table 4 are meaningful. 
We then converted Mr* to Mr by using the relation given by 
the solid line in Figure 2. This Mr scale can be considered to 
be identical to that defined originally by Gutenberg [1945]. 
Table 4 lists Mr thus obtained for the period from 1897 to 
1903. For the two events, the 1902 Turkestan event and the 
1902 event off south Mexico, the present calibration is not 
meaningful because of the saturation of the records. We sub- 
stituted the value of Mr* for Mr for these events. A small num- 
ber of records obtained by Nicolajew instruments were also 
used in Gutenberg's [1956a] study. However, •ince the deter- 
minations of the magnitudes with the records of the Nicolajew 
instruments were very few, we paid no particular consid- 
eration to those data in this study. 
Recently, Thatcher and Plafker [1977] determined the mag- 
nitudes of three Yakutat Bay, Alaska, earthquakes in 1899 
and 1900 by using a small number of early damped seis- 
mographic records. They obtained 8.4 and 8.1 for the Septem- 
ber 10, 1899, event and the October 9, 1900, event, respec- 
tively, which compare reasonably well with the values listed in 
Table 4, 8.2 and 8.1, respectively. However, for the event on 
September 4, 1899, Thatcher and Plafker [1977] obtained 8.5, 
which is significantly larger than our value, 8.2. The cause of 
this discrepancy is presently unknown. 
From Table 4 the annual number of events with Mr --> 8 was 
obtained and plotted in Figure 1. If we ignore the unreliable 
result for 1897, the peak around the turn of the century no 
longer exists. The peak in 1906 consists of the January 31 Col- 
ombia earthquake (Mr = 8.7), the April 18 San Francisco 
earthquake (Mr -- 8.3), the August 17 Aleutian Islands earth- 
quake (Mr = 8.2), the August 17 Chilean earthquake (Mr = 
8.4), and the September 14 New Britain Islands earthquake 
(Mr = 8.1). 
While studying Gutenberg's original work sheets for the 
1956 paper, we found additional data for 49 events, some of 
which were mentioned in the 1956 paper. We determined Mr 
for these events by using the method described above. The re- 
sults are listed in Table 5. The amplitude and magnitude data 
for major earthquakes listed in this table are given in Table A- 
5 (see also Table A-2, microfiche appendix). As mentioned 
earlier, the results for the 1896 and 1897 events are very un- 
certain. 
CONCLUSION 
Because of saturation of the Milne seismograms for very 
large events used by Gutenberg [1956a] for calibration, we sus- 
pect that the gain (-- 5) used by Gutenberg [1956a] is under- 
estimated and therefore the magnitude overestimated. Our ex- 
periments using a newly constructed Milne seismograph as 
well as the numerical experiments using observed surface 
waves suggest hat the effective gain can be as large as 20. Be- 
cause of the unknown damping characteristics of the original 
Milne seismograph, we could not make definitive calibration 
of the instrument. However, it is almost certain from Figure 2 
that the magnitudes of earthquakes larger than Mr -- 7.7 listed 
by Gutenberg [1956a] were considerably overestimated, in the 
extreme case by as much as 0.6 (-- log (20/5)). Assuming that 
the correction increases linearly from 0 to 0.6 as Mr increases 
from 7.7 to 8.7, we corrected Mr* (surface wave magnitude 
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TABLE 5. List of Large Shallow Earthquakes 1896-1903 
Time, 
Earthquake Date GMT Epicenter Q Ms Region 
1896 
110 Jan. 9 13.3 (36øN, 141øE) '" (7.9) Japan 
120 March 4 5 ? G ..- ? 
130 May 5 23 ? G '" ? 
140 June 15 10.5 (40øN, 144øE) ...... Japan 
150 Aug. 26 23.3+ ? ...... Iceland 
160 Aug. 31 8.1 (40øN, 141øE) --. (>7.5) Japan 
170 Nov. 1 5 ? G --- Tashkent? 
1897 
180 March 16 6.3+_ ? G ..- Philippine Islands 
190 July 21 13 ? G '" North Atlantic? 
200 Sept. 17 15.5+_ 40øN,68øE D (7.1) Turkestan 
210 Sept. 17 17.6+_ 40øN,68øE D (7.3) Turkestan 
220 Dec. 29 11.3 19øN,73øW C 7.4 Haiti 
1898 
230 April 15 7.2+_ 39øN, 123«øW A 7.4 California 
240 Oct. 11 1637« 50øN,180 ø D 7.4 Aleutian Islands 
1899 
250 Jan. 14 0236+_ (20øN, 110øW) G 7.5 off Mexico? 
260 April 12 1724+_ 28øS,67øW D 7.5 Brazil 
270 April 16 1342+_ (58øN, 138øW) G 7.4 off British Columbia? 
280 Sept. 4 0440+_ 60øN, 142øW C (7.4) Alaska 
290 Sept. 17 1250 59øN, 136øW D ,7.3 Alaska 
300 Sept. 20 0211« 38øN,28øE B 7.3 Turkey 
310 Sept. 23 1104 60øN, 143øW D 7.4 Alaska 
320 Sept. 23 1250+_ 60øN,143øW D 7.5 Alaska 
330 Dec. 25 1228+_ 334aøN,117øW A 7.1 California 
1900 
340 Jan. 5 19007 3øS, 102øE D 7.5 Sumatra 
350 April 24 2313 (27øN, 126«øE) G 7.4 Ryukyu Islands? 
360 Nov. 9 1610 13øN,90øW F 7.5 Mexico 
1901 
370 Jan. 18 0439? (60øN, 135øW) G 7.6 off British Columbia? 
380 Oct. 8 0214« 13øN,87øW F 7.6 Nicaragua 
390 Nov. 15 2015 43øS, 173øE D 7.3 New Zealand 
400 Dec. 9 0217 26øN, 110øW F 7.6 Mexico 
1902 
410 Jan. 12 2218« 3øN, 122øE D 7.2 Celebes 
420 Jan. 30 1400 41øN, 144øE D 7.3 Japan 
430 Feb. 13 0939 40«øN,48«øE A 7.0 Caucasus 
440 Feb. 17 0031 20øN,70øW F 7.3 Antilles? 
450 March 28 1444 0ø,133øE D 7.4 West New Guinea 
460 June 11 0609+_ 53øN,142øE ... 7.1 Sakhalin? 
470 Aug. 30 2148 40øN,77øE ... 7.3 Turkestan 
480 Nov. 4 1133« 36øN,96øE D 6.9 Kunlun Mountains 
490 Nov. 20 2027 22øS, 170øE D 7.3 New Hebrides 
500 Nov. 21 0703 23øN, 121øE D 7.2 Formosa 
510 Dec. 16 0507 40øN,73øE D 6.8 Turkestan 
1903 
520 Jan. 17 1605 50øN, 170øW '" 7.4 Aleutian Islands 
530 Jan. 24 5.5 31«øN,115øW "' 7.2 lower California 
540 Feb. 10 0253¬ 17øN, 144øE D 7.0 Guam (h = 60+_ km?) 
550 Oct. 21 0957.0 34øS,52øE D 7.1 Indian Ocean 
560 Nov. 26 1148.1 53øN, 107øE D 7.0 Lake Baikal 
570 Dec. 7 1444« 27øS,70øW C 7.3 Chile 
The epicenters of 110; 140, and 160 were taken from the Tokyo Astronomical Observatory [1975]. For 250, 270, 350, and 370, Gutenberg used 
the epicenters given by Milne, only for calculating epicentral distances. For other column heads, see footnote for Table 4. 
obtained with the assumption that G -- 5) to obtain Ms. Thus 
the values of Ms* in Table 4 may be considered the upper 
limit of the surface wave magnitude. Although we believe that 
the values of Ms listed in Table 4 are the best estimates we can 
make under various considerations, they are still subject to 
some uncertainty due to the rather erratic response and the 
limited dynamic range of the Milne seismograph. 
Nevertheless, the suggested reductions in the magnitude are 
systematic and large enough to indicate that the turn-of-the- 
century peak, if it exists, is of marginal significance. A recent 
study by Abe [1979] shows that the activity of tsunamigenic 
earthquakes during this period isnot higher than that during 
any other periods. Abe's result is consistent with the present 
conclusion. 
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